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Netherlands 
Resonance polarization and phase-mismatched coherent anti-Stokes Raman scattering (CARS) measurements were 
performed on pheophytin b dissolved in acetone excited in the Q, absorption band, where strong broad fluorescence 
makes spontaneous Raman spectroscopy impossible. The phase-mismatching technique was applied to suppress 
solvent background and used in combination with the polarization-sensitive CARS technique to measure directly the 
x'i3j1 and x',3221 components to estimate depolarization ratios. The spectra were fitted by a non-linear least-squares 
procedure yielding vibrational band parameters. Some CARS dispersion information on the vibrational amplitudes 
was obtained by varying the pump wavelength. CARS excitation profiles based on transform theory were calculated 
and partly explain the observed amplitude dispersion. The application of the combined phase-mismatched polariza- 
tion CARS technique may be useful in many other cases of highly fluorescing molecules when resonantly excited. 
INTRODUCTION 
Pheophytins are extraction products of chlorophylls, 
which are the characteristic pigments of photosynthetic 
organisms that play an important role in the process of 
light absorption, energy and electron transfer in higher 
plants and many algae.' Numerous studies (x-ray crys- 
tallography, visible, infrared and fluorescence 
spectroscopy) on chlorophylls have been carried out to 
elucidate their spectroscopic proper tie^.'-^ Since 1972, 
resonance spontaneous Raman scattering (RS) studies, 
started by Lutz,' have yielded an enormous amount of 
information on the conformation, electronic structure 
and function of the chlorophyll molecule. 
The importance of the resonance RS technique in 
studying chlorophylls lies in its ability to probe selec- 
tively chromophores with different electronic absorp- 
tions in compounds. The photosynthetic organisms 
contain chlorophyll, carotenoid and phycobillin pig- 
ments, which have complementary electronic absorp- 
tion bands ranging from the visible to the 
near-ultraviolet and can thus be probed by proper selec- 
tion of the excitation wavelength. This makes applica- 
tion of the resonance RS techniques to chlorophyll 
studies in uioo possible, although in oitro studies are 
inevitable to assign the many (55 )  vibrations observed in 
the 50-1750 cm-'  spectral range.'-' Excitation in the 
higher electronic absorption bands has yielded vibra- 
tional information on the different chlorophyll and 
pheophytin species. However, on excitation in the 
lowest electronic Q, absorption band, RS is accom- 
panied by an intense and broad fluorescence of these 
molecules. So far, no RS measurements of these fluo- 
rescing molecules have been obtained with excitation in 
this Q, band. Recently, Mattioli et al.' measured reson- 
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ant RS spectra and Raman excitation profiles (REP) of 
non-luminescent Ni(I1)-pheophytin a in benzene, 
excited in the Q, absorption band. 
The coherent anti-Stokes Raman scattering (CARS) 
technique, a non-linear optical variant of Raman spec- 
troscopy which is insensitive to this fluorescence, 
enables measurements to be made of the fluorescing 
chlorophyll and pheophytin molecules in this region. 
Resonance CARS, just like RS, is electronically 
enhanced when the exciting frequency (and CARS 
signal frequency) lie in the electronic absorption bands. 
In 1977 Lau et d9 used the resonance CARS tech- 
nique to obtain vibrational information on chlorophylls 
in vivo and in uitro with excitation by a ruby laser at 
694.3 nm. Several reports on resonance CARS of chlo- 
rophylls originated from this In these 
studies no polarization information was obtained. The 
information obtained from CARS is essentially similar 
to that obtained from RS, although CARS has some 
advantages which follow from the different selection 
rules under electron resonant excitation conditions." 
S ~ h o l t e n ' ~  used the resonance polarization sensitive 
CARS (PCARS) technique to study chlorophyll b in 
ethanol excited near the centre of the Q, absorption 
band at 645 nm. However, at that time lack of a proper 
flow cuvette made these measurements difficult since the 
very photolabile chlorophyll molecules were partly 
degraded. The present study concerns improved mea- 
surements in the high-frequency region (1 100-1650 
cm-') on the more stable pheophytin b molecule in 
vitro under resonant excitation in the Q, absorption 
band. Another reason for studying the pheophytin b 
molecule instead of the chlorophyll b molecule lies in 
the fact that on excitation in the Q, band the spectral 
information from the former is comparable to that of 
the latter, in spite of the difference in molecular struc- 
ture caused by an Mg atom in the centre being replaced 
by two H atoms. Further, most vibrations in which the 
Mg atom is involved are observed in the low-frequency 
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region (< loo0 cm- l), in particular when excited in the 
Soret absorption band at higher energy. 
In the work presented here the phase-mismatching 
CARS (PMM-CARS) technique, previously report- 
ed,15-17 was used in combination with PCARS to 
measure the #jlI and x\3J21 components of the third- 
order non-linear susceptibility. In addition, dispersion 
information was obtained by measuring the zi3j1 com- 
ponent at various excitation wavelengths in the 630- 
645 nm range. Spectral analysis was carried out by 
curve fitting the CARS line shapes using a non-linear 
least-squares procedure. 
It is shown that under these excitation conditions an 
unexpected, anomalously polarized band at 1575 cm- 
is obtained and that the amplitude dispersions of 
various bands behave differently. This dispersion can 
partly be explained from a simple model based on 
transform theory of CARS excitation profiles (CEP) 
including vibronic coupling similar to calculation of 
Raman excitation profiles reported in Ref. 8. We shall 
show that combined phase-mismatched and polariza- 
tion CARS measurements provide the unique possibility 
of measuring polarization and dispersion characteristics 
of the highly fluorescing pheophytin molecules excited 
in the lowest electronic Q,  band. These are inaccessible 
to the spontaneous Raman technique. 
In this paper we discuss briefly the PCARS and 
PMM-CARS techniques, the fitting procedure used and 
theory of CARS excitation profiles. The experimental 
details of the sample, set-up and measurements are 
given. The results of measurements, fit analyses and dis- 
cussion follow. Finally, we comment on the results and 
possibilities of these CARS techniques in the study of 
photosynthetic systems. A short theory of PCARS and 
PMM-CARS is given in Appendices A and B; more 
details can be found in the references cited. 
THEORY 
PCARS and PMM-CARS 
The single degenerate CARS method uses two laser 
beams, one with a fixed frequency wp (pump beam) and 
one with variable-frequency w, (Stokes beam). The two 
incident linearly polarized electric fields Ep, with polar- 
ization vectors ep, and frequencies IDp, , induce a third- 
order polarization P(3) in the medium, which generates 
the nonlinear CARS signal at frequency wa , arising 
from non-resonant and vibration resonant processes : 
p(3) = p ( 3 ) N R  + p ( 3 ) R  = c X ( 3 ) N R  (3)R E E E,* (1) + x  1 P P  
The non-resonant part of the third-order susceptibility 
,$3)NR often has negligible dispersion in the spectral 
range considered and can be taken as a real constant. 
The resonant third-order susceptibility x ( ~ ) ~  can be 
written as 
where the complex numerator with amplitude ArR and 
phase OiR contains the dependence on electronic tran- 
sitions, with resonances at wp and wa , and orientational 
averaged direction cosines between the transition dipole 
moments in the molecule and the applied electric field 
polarizations. The denominator contains the Raman 
vibrational part with the bandwidth-normalized, fre- 
quency detuning Ai = [Q, - (wp .- o,)]/T, , where the 
difference wp - w, is scanned across the Raman reson- 
ances Q, . The summation over t involves all Raman res- 
onances. The correspondence between spontaneous 
Raman and CARS is that the RS intensity is pro- 
portional to the imaginary part of x ( ~ ) ~ .  
Detecting the polarization CARS (PCARS) signal 
with an analyser eA,  the measured PCARS intensity 
IA(w,) can be written as 
I A ( O a )  I (eA * ‘ x(3)(wa)ep ep es *) 1 
x 1p21,M(Ak, L)  (3) 
where the components of x ( 3 )  will be written (f;,, with 
the subscripts Apps corresponding to analyser, pump 
and Stokes field polarizations, I ,  and I, are the incident 
pump and Stokes beam intensities, (M(Ak, L) is a phase- 
matching factor which in general depends on the 
(complex) wave vectors and the overlap length L of the 
beams in the medium. In dispersive condensed media 
such as liquids, phase matching is achieved by crossing 
the beams in the sample at an angle q, and collection of 
the CARS signal is obtained at an angle v with respect 
to the optical axis, which coincides with the pump beam 
direction. 
Generally, when using linear polarizations of the 
input beams, the vibration resonant polarization vector 
P(3)R and the non-resonant polarization vector P(3)NR 
have different orientations (see Fig. 1 and Appendix A), 
which offers the possibility of suppressing the non- 
resonant signal by setting the analyser orientation per- 
pendicular to P(3)NR, 
In isotropic solvents, full suppression of the non- 
resonant polarization is achieved at angles $o = 
arctan(3/tan cp), where cp is the angle between the pump 
and the Stokes polarization vectors. The projection of 
the vibration resonant polarization on the analyser 
orientation is transmitted as a (background-free) signal. 
By rotation of the analyser E around the angle $, of 
best background suppression, the vibration resonant 
signal is ‘heterodyned’ with a (controlled) amount of 
E = O  
Figure 1. Polarization vector configuration in the PCARS 
scheme. With the angle cp between unit polarization vectors eD and 
e,, the resulting vibration resonant polarization P(3)R and P(3)Nn 
generally have different orientations. Non-resonant background 
suppression is obtained with analyser setting e, perpendicular to 
P(’lNR. Heterodyning the resonant signal with a controlled amount 
of non-resonant signal is achieved by small offsets E of the 
analyser orientation with respect to the orientation of full sup- 
pression. 
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non-resonant signal, thereby enhancing the resonant 
signal with non-resonant background signal. The dis- 
advantage of the polarization-sensitive CARS technique 
is that for bands with polarization vectors P(3)R closely 
directed along the non-resonant polarization vector 
P(3)NR, the suppression of the non-resonant background 
is accompanied by a simultaneous suppression of reson- 
ant signal. This means that bands with vibration reson- 
ant depolarization ratio pR = x\3J;1/x\3)T1 close to the 
non-resonant one pNR = x\32yF/x\3)Ty = 113 (in the iso- 
tropic case) are also suppressed." This problem is cir- 
cumvented by the phase-mismatching technique. 
The PMM-CARS t e c h n i q ~ e ' ~ - ' ~  uses coherent can- 
cellation to suppress the non-resonant background. 
When using a cuvette consisting of glass windows 
(length L,) surrounding the sample layer (length L,), the 
non-resonant signal is built up from these three layers 
(in the sample layer the non-resonant signal arises 
mainly from the solvent), while the vibration resonant 
signal is built up from the sample layer only (see Fig. 2). 
The dependence of the CARS signal intensity I on the 
phase-mismatching factor is given by2' 
I I *(3) I21~21~e-(A~+na)L 
L - 2 L C O H  - 
Figure 2. Schematic illustration of the non-resonant and reson- 
ant CARS intensities built up in the glass-sample-glass cuvette in 
the phase-mismatching configuration (after Ref. 19). The non- 
resonant signal arises from the glass layers [length L, and non- 
resonant susceptibility ~ g ~ ~ ~ ]  and from the solvent in the sample 
layer L ,  [non-resonant susceptibility X:~AY"].  When the total 
cuvette length 2L, + L, equals 2Lc0, = 2R/4?, with the phase- 
mismatch factor, the non-resonant CARS signal vanishes by 
destructive interference. The vibration resonant signal arising from 
dissolved molecules in the sample layer [resonant susceptibility 
does not vanish since L, < 2Lc0,. 
sinh(AaLi2) + sin(APLi2) 
(A~iLl2)~ + (APL/2)2 
where Aa = (2ap + a, - a,)/2 with aj = 2kj" the expo- 
nential absorption coefficient and Afi = n,(o,)o,/c - 
with f i j  = kj' = n,(wj)/c the real part of the wave vector, 
n,(wj) the refractive index at frequency w j  (j = p, s, a) 
and c the velocity of light in vacuum, and q the crossing 
angle of the pump and Stokes beam in the sample. In 
the absence of absorption, i.e. aj = 0 and Az = 0, the 
signal intensity dependence is given by the well known 
equation 
I 2kp' - k,' I = ~,(w,)wJc - [4ka + k12 - 4 COS ~ k ~ ' k , ' ] ~ ' ~  
I - I l2lp2Is L2 sinc2(APL/2) ( 5 )  
In the phase-matched case (i.e. AP = 0), the signal inten- 
sity increases with the square of the length, and in the 
phase-mismatched case (i.e. A P  # 0) it is seen that the 
signal intensity shows oscillations depending on the 
length, which results from interference effects due to the 
coherent nature of the signal. The period of oscillation 
is determined by twice the coherence length L,,, = 
n/AP. 
It can be shown that, whenever the total cuvette 
length ( L  = 2L, + L,) equals 2 LCOH, the non-resonant 
signals generated in the glass, solvent and glass layers 
destructively interfere to zero, while the vibration reson- 
ant signal built up in the sample layer does not vanish 
since L,,, < 2L,oH, yielding a background-free res- 
onant signal (see Fig. 2). 
The main task now is to keep twice the coherence 
length equal to the total cuvette length. This can be 
done experimentally by adjusting the crossing angle q 
between the pump and Stokes beams (i.e. phase 
mismatching). 
In the case of absorbing media, and under resonant 
excitation conditions, absorption of the beams may 
affect the coherence length depending on the value of 
Aa. In some cases a full destructive interference may not 
be reached, which lowers the background suppression 
efficiency, since only the real part of the (complex) back- 
ground can be suppressed in this way. However, since 
the complex background arises from the dissolved mol- 
ecules at low concentration while the solvent produces 
mainly a real background, a large background sup- 
pression is expected. 
The important advantage of the PMM-CARS 
method is that this suppression technique is based on 
coherent cancellation and does not use the polarization 
character of the non-resonant and resonant signals. 
This means that the PMM-CARS and PCARS tech- 
niques can be combined to measure x ' ~ ) ~  components 
efficiently. Vibrations with polarization vectors PR 
closely directed along the non-resonant polarization 
vector PNR (or with pR close to pNR) are not suppressed 
when using PMM-CARS, in contrast to the case when 
PCARS is used. In the combination of PMM-CARS 
and PCARS the xi3)yI and x\g;l components can be 
measured without interference of the non-resonant 
background, which in principle allows a straightforward 
estimation of depolarization ratios. 
CARS fit procedure 
The model used to fit the CARS spectra in the least- 
squares procedure is given by 
m) = x(x)x(x)* (6) 
where 
with fNR,  f," and xNR = polarization factors defined in 
Eqns (A9), (A10) and (A7) in Appendix A, AtR = 
vibration resonant amplitude, etR = vibration resonant 
phase, $2, = vibration resonant frequency, x = a vari- 
able representing the frequency shift wp - w s ,  T1 = 
vibration resonant band width and C = scaling param- 
eter. 
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The fit program enables us to fit simultaneously 
several spectra measured under different polarization 
conditions with a single set of parameters. Further, all 
parameters given in the fit function [Eqns (6) and (7)] 
can be used as free fit parameters. The problem to be 
solved is to find the minimum of 
where Zjxi) are measured PCARS intensities at spec- 
trum points x i  under polarization condition j and F(x) 
is defined in Eqn (6). For the phase-mismatched spectra 
the non-resonant background was set to zero; f NR = 0. 
Raman and CARS excitation profiles 
From Albrecht's vibronic theory of resonance Raman 
scattering, under the Born-Oppenheimer approx- 
imation (separation of the wavefunctions into electronic 
and vibrational parts) the Raman polarizability tensor 
ail for the transition i -+fcan be written 2 1  as 
ai/(w) = A + B 
x ( ( f l Q l v > ( v l i >  + ( f l v ) ( ~ l Q l i , ) ]  
(9) 
1 
wkv - wyi - w - iT 
X 
where M ,  denotes the electronic transition dipole 
moment, hWko = ha,(, + hw" gives the energy of the 
state 1 k) 1 U )  and hwg, = hoeo + hwi the energy of the 
state I g) I i); w denotes the frequency of the exciting 
laser beam, r the homogeneous line width of the reson- 
ant state, ( f l  U )  the Franck-Condon overlap integrals, 
Q is the normal mode coordinate, v runs over vibra- 
tional states, whereas k and s run over electronic states, 
with frequencies wk and wsr and hks = (s I dH/dQ I k) is 
the vibronic coupling matrix element, with H the vibra- 
tional hamiltonian. 
Usually the A term is largest for strongly allowed 
electronic transitions, thereby enhancing totally sym- 
metric transitions. For example, this is the case when 
exciting in the Soret absorption band of D,, symmetry 
porphyrins; the spectrum is dominated by totally sym- 
metric (polarized) A l ,  bands.,, 
The coupling element hk,  represents the mixing of 
states, through which weakly allowed vibrational tran- 
sitions may gain intensity, in particular when the elec- 
tronic states k and s are close in energy. This coupling 
has shown to be important in many porphyrin struc- 
tures when exciting in the weaker electronic Q bands, 
where B,, , B,, (depolarized) and even A ,  (anomalously 
polarized) bands dominate the 
The intensity dependence of Raman (and CARS) scat- 
tering on the excitation (pump) frequency (so-called 
Raman and CARS excitation profiles, REP and CEP, 
respectively) can be calculated using transform theory. 
This transform method relates the Raman intensity to 
the electronic absorption spectrum through a Kramers- 
Kronig (KK) relationship. For the fundamental tran- 
sition 0 -+ 1, the REP can be written as20.23-2s 
R E P ( 4  - I aOl(0) 1, 
- s, l ( 1  + C,)A(w) - (1 - C,)A(w - 01)12 (10) 
with S1 = A2/2 a scaling parameter related to the 
dimensionless displacement A between harmonic oscil- 
lator potential curves representing electronic levels, C, is 
a measure of vibronic coupling or non-Condon to 
Condon scattering [i.e. C ,  = (B + C)/A,  where A 
(Condon), B (Herzberg-Teller) and C (Jahn-Teller) are 
the terms that make up the scattering tensor in 
Albrechts theory] ; w1 denotes the vibrational shift for 
which the REP is calculated. The function A(w) is given 
by 
= Re{A(w)} + i lrn{A(w)} (1 1) 
with cA(w) the optical absorption cross-section at fre- 
quency w, directly obtained from the measured absorp- 
tion spectrum, and P denotes the principal of the 
integral. The function A(w - col) in Eqn (10) is obtained 
from Eqn (11) with the shifted argument w - wl. The 
real and imaginary parts of A(w) are related to each 
other through the KK (or Hilbert) transform. In prac- 
tice, the imaginary part is obtained directly from a digi- 
tized absorption spectrum, and the function A(w) is 
computed by the method described in Ref. 25. 
In the case of CARS the measured intensity is pro- 
portional to the absolute square of the third-order sus- 
ceptibility tensor x(~). For totally symmetric modes and 
linear polarizations of the incident electric fields the 
amplitude x ( ~ ) ~  can be written asz6 
(13) 
where N is the number of molecules and C2, V s 2  and ra2 
are the CARS analogues of the isotropic, symmetric and 
anti-symmetric anisotropic Raman tensor invariants a', 
ys2 and ya2,  given by2' (with i , j  = x, y ,  z )  
. r  i r  1 
1 
1 + 3(aij + + ayi) 
- 3  ya 2 = - 4 i <  c (a! IJ . - a'.."!'. J l  li - a'!.) Ir  
is; 
where a' and a" are given by 
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which correspond to the Raman pairs a’(wp, w,) and 
tl”(wp, w,) that build up the vibration resonant suscepti- 
bility ~ ‘ ~ ’ ( w , ;  wp, wp, -ws) - a(wp,  ws)a*(wp, w,), and 
where 0, p denotes the applied polarizations (x, y or 1, 
2), and MZk denotes the transition dipole moment. 
Considering totally symmetric modes, (neglecting the 
anti-symmetric part), it follows from Eqns (12) and (13) 
that 
x\3& N (1 - $pR)- ’E ’  (19) 
and for the CEP - I xi3]?it 1’ a similar relationship to 
that given in Eqn (10) results: 
CEP(w) N I K(S,)C(1 + Ca)A(w + 0 1 )  - (1 - Ca)A(w)l 
x C(1 + CaMw) - (1 - Ca)A(U - w1)I I’ (20) 
where K ( S , )  is scaling parameter and C, contains the 
vibronic coupling parameter C ,  with C, = C ,  S ;  ‘I2. It is 
seen from Eqn (20) that in CARS the CEP depends on 
A(w), A(w - wl) and A(w + wl), corresponding to res- 
onances at zero, Stokes and anti-Stokes shifts from the 
electronic transition, yielding more complicated excita- 
tion profiles compared to REPS. Equations (10) and (20) 
are used to calculated REPS and CEPs for pheophytin 
b. 
EXPERIMENTAL 
The Pheophytin b molecule 
The molecular structure4 of the pheophytin b (Pheo b) 
molecule is given in Fig. 3 in the inset. The calculated 
molecular weight M is 885.16 and its empirical formula 
is C55H7206N4.  The molecule consists of a tetrapyrrole 
ring, common in porphyrin structures, but with a fifth 
B 
B Y I( 
0.5 v 
I 
0.0 350  I 1 I I 
450 550 650 750 
WAVE LE N GTH / n m 
Figure 3. Absorption spectrum of 1.1 mmol I - ’  pheophytin b in 
acetone. The degenerate ( x ,  y-polarized) electronic transitions are 
denoted by Q,, and B,.,. Excitation conditions of the pump, 
Stokes and CARS signal wavelengths are indicated by the vertical 
lines. The molecular structure and molecular x ,  y-axes of Pheo b 
are given in the inset. 
pyrrole ring attached to the pyrrole ring 111. In chlo- 
rophyll a (Chl a) and chlorophyll b (Chl b), a magne- 
sium atom is positioned at the centre of the molecule. 
The difference between the Chl a and Chl b molecules is 
the preserve of a methyl group (CH,) in Chl a and an 
aldehyde group (COH) in Chl b at the C-3 position. In 
the pheophytins the central Mg atom is replaced by two 
H atoms. Pheo b appears in leaf extracts, and is 
assumed to be formed as a result of decomposition of 
Chl b during the extraction. 
Sample preparation 
Chl b extracted from spinach and substantially free 
from Chl a was purchased from Sigma (Lot No. 58F- 
9510) and used without further purification. A 5 mg 
amount of Chl b was dissolved in 5 ml of acetone 
(lOO%, GR grade, purchased from Merck). For the 
pheophytinization of the Chl b, 0.25 ml of 0.12 mol I - ’  
HCl was added, thereby removing the central magne- 
sium atom and replacing it by two hydrogen atoms. 
With a molecular weight of 907.5 for Chl b, the concen- 
tration of the Pheo b was calculated to be 1.1 x 1O-j 
mol 1-’. Acetone was chosen as a solvent to be sure 
that only monomeric Pheo b was present. Further, the 
small number of Raman-active vibrations of the solvent 
(compared with, for instance, diethyl ether) allows an 
easy interpretation of the measured spectra. The 
absorption spectrum of Pheo b in acetone and the exci- 
tation conditions are given in Fig. 3. 
As a result of the lowering of the D, symmetry of the 
porphyrin ring by the presence of the fifth ring, the 
absorption spectrum clearly shows the degenerate elec- 
tronic Q and B transitions indicated by Q,, Q, , B, and 
B, and some vibronic progressions, (the molecular x- 
and y-axes are indicated in Fig. 3). From the amplitude 
ratio between the absorption of the B, and Q, bands we 
conclude that with this procedure a full conversion from 
Chl b to Pheo b is ~ b t a i n e d . ~  No  additional process 
was carried out to remove the magnesium chloride or 
the excess of hydrochloric acid from the sample. The 
sample was sealed and stored in the dark at 4°C. 
During the experiments [at room temperature (22 “C)] 
the solution was flushed with dry nitrogen to deoxy- 
genate the sample. Since the purge with nitrogen 
resulted in strong evaporation of the acetone, the 
sample container was constantly refilled with fresh pure 
acetone, thereby keeping the Pheo b concentration con- 
stant. 
Experimental CARS set-up 
The optical layout of the CARS spectrometer is shown 
in Fig. 4. The second harmonic of an Nd:YAG laser 
operated at  10 Hz with 8 ns pulse duration pumps two 
PDL2 dye lasers. The pump beam (w,) of the CARS 
process is provided by the first dye laser containing 
dichloromethane, which is tunable in the 620-660 nm 
range. The second dye laser containing LDS and 
tunable in the 680-725 nm range delivered the Stokes 
beam (w,) of the CARS process. The delay lines are 
adjusted to ensure that the pump and Stokes pulses 
temporally overlap at the sample position. The beam 
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Figure 4. Optical layout of the CARS spectrometer. HG = harmonic generator; PHS = prism harmonic separator; BS = beamsplitter; 
F = filter; SH =shutter; PD = photodiode; FR =double Fresnel Rhomb; GT = Glan-Taylor polarizer; PMT = photomultiplier tube. 
diameters are compressed by telescopes to about 1-2 
mm. Parts of the beam are detected by PIN photo- 
diodes for referencing and monitoring the intensities. 
Double Fresnel rhombs and high-quality Glan-Taylor 
polarizers are used to control and upgrade the linear 
polarizations of the beams. The beams are focused in 
the cuvette by a 250 mm lens. Focal diameters in the 
curvette are 150 pm. Pulse energies are 290 pJ for the 
pump beam and 400 pJ for the Stokes beam. The cross- 
ing angles of the pump and Stokes beams to obtain 
phase matching (or phase mismatching) can be adjusted 
by changing the distance of the parallel pump and 
Stokes beams on the lens via the mirror M on a stepper 
motor-driven translation stage. The CARS signal is 
analysed by a Glan-Taylor polarizer and collected by a 
spherical mirror on a rotatable mount with the axis of 
rotation coinciding with the vertical axis of the cuvette. 
The signal is deflected on to a mirror on this axis 
beneath the cuvette and focused on the entrance slit of a 
double monochromator (UV-visible, 200 mm, Jobin 
Yvon) and detected by a water-cooled photomultiplier- 
tube (RCA 9973B). The computer and electronics are 
interfaced by an IEEE bus. Signals are digitized in an 
eight-channel 12-bit ADC and stored on floppy disks 
for later analysis. Automatic selection of the dye lasers 
and monochromator wavelength, crossing angles and 
collection angles are achieved by computer control of 
the stepper motors. The crossing angle g between k, 
and k, and the collection angle v between k, and k, (see 
Figure 5. Layout of the flow cuvette. The small-hatched areas 
indicate glass window layers and the dotted area indicates the 
sample layer. Glass windows and sample layers are held together 
by two plates (large-hatched area), with central openings for the 
laser beams. The sample solution is circulated through the cell by a 
peristaltic pump. Pump and Stokes beam crossing angle and 
CARS signal collection angle are denoted by q and v,  respectively. 
Fig. 5) are predetermined for different frequencies and 
stored in angle files used in the computer program con- 
trolling the spectral scan. The spectra were recorded 
with a spectral resolution of 2 cm-' and each point was 
averaged over 50 laser shots. The spectra were corrected 
for intensity fluctuations and dye laser efficiency and 
smoothed using a five-point Savitsky-Golay smoothing 
procedure." 
In the CARS measurements the sample was flushed 
through a flow cuvette by means of a peristaltic pump. 
The layout of this cuvette is shown in Fig. 5. With a 
flow rate of 2 p1 s-' which results in a flow of 300 pm 
per pulse at the sample position, and a laser focus diam- 
eter of 150 pm, the volume probed by the CARS beams 
is refilled with new sample for each laser shot. The 
windows of the cuvette are 0.15 mm microscopic cover- 
slides, anti-reflection coated on their air-glass interface 
to minimize multiple interference effects in the measured 
spectra.14 The sample length used is 0.25 mm. Although 
this is smaller than the optimum sample length,14 which 
is about 0.6 mm for an N = 1.1 mmol 1-' concentration 
Pheo b in acetone in the 1100-1700 cm-' range, this 
length was chosen for reasons of applicability of the 
PMM-CARS technique which works well for the 0.15 
mm-0.25 mm-0.15 mm glass-sample-glass configu- 
ration. A 0.6 mm sample length requires 0.3-0.4 mm 
(anti-reflection coated) glass windows, which were not 
available at  the time of the experiment. Moreover, the 
cuvette configuration used, yielded signal levels high 
enough to perform the measurements. 
RESULTS 
Phase-matched resonance CARS spectra 
Resonance (phase-matched) CARS spectra proportional 
to Ix(:lll 1' and Ix\3121 1' of 1.1 mmol 1 - '  Pheo b in 
acetone solution in the 1100-1650 cm-' range are 
shown in Fig. 6. The scale of the I x\3d21 l2  spectrum is 
enlarged 9.96 times, which yields an estimated value for 
the non-resonant depolarization ratio of pNR = 0.317, 
close to 1/3 as expected for a transparent isotropic 
medium (Kleinman symmetry). The differences in the 
two susceptibility components show deviations of the 
vibrational depolarization ratios from the non-resonant 
depolarization ratio. The background present in these 
spectra is the non-resonant background contribution 
mainly from the solvent. A direct depolarization estima- 
tion from these spectra is obstructed by the complex 
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Figure 6. Phase-matched resonance lx\3,)1 l 2  (solid line) and 
Ix(:121 Iz (dashed line) CARS spectra of a 1.1 mmol I-' Pheo b in 
acetone solution in the 1100-1650 cm-' range. Polarization orien- 
tations of pump, Stokes and analyser are indicated. The scale of 
the 1 X : J : ~ ,  l z  spectrum is enlarged by a factor of 9.96. This indicates 
that the non-resonant depolarization ratio p"' = 0.317, close to 
1 /3 (Kleinman symmetry). 
line shapes caused by the interference of the non- 
resonant background with vibration resonant signals. 
Assignment of band positions to the maxima, as is often 
done, does not seem reliable in this case. 
Phase-matched resonance PCARS spectra 
Phase-matched resonance PCARS spectra of 1.1 mmol 
1-' Pheo b in acetone solution in the 1100-1650 cm-' 
1160 ' 12b0 ' 13b0 ' 14b0 ' l<OO ' 16b0 ' 
WAVENUMBER/crn -' 
Figure 7. Phase-matched resonance PCARS spectra of 1.1 mmol 
I-' Pheo b in acetone solution in the 1100-1650 cm-' range. 
Polarization orientations of pump, Stokes and analyser are indi- 
cated, with cp = 60". The analyser setting E was varied around the 
angle yl,=61.3" of background suppression: (a) E =  +1"; (b) 
E = 0"; (c) E = -3". 
range, measured with a polarization angle cp = 60°, are 
shown in Fig. 7. The angle for optimum suppression of 
the non-resonant background pNR = 0.317 is calculated 
to be $o = 61.2". The spectra in Fig. 7 were recorded 
with analyser settings E away from $o. The line shape 
changes observed at different analyser settings around 
the position of background suppression show the differ- 
ent polarization character of the bands. However, vibra- 
tional bands with depolarization ratios pR close to pNR 
are suppressed together with the background. Estima- 
tion of depolarization ratios from these spectra is pos- 
sible in principle, by curve fitting these spectra under 
different polarization conditions with a single set of 
band parameters. 
Phase-mismatched resonance PCARS spectra 
In Fig. 8 the phase-mismatched resonance PCARS 
spectra proportional to I x\3]11 I' and I xi3iZ1 I' of 1.1 
mmol I - '  Pheo b in acetone solution in the 1100-1650 
cm- ' range are presented. Polarization orientations of 
pump, Stokes and analyser are indicated, with cp = 45". 
The scan was carried out with crossing angle (q) and 
collection angle (v) adjustments according to 
q(") = 1.74 + 5.95 x 10-4a v(") = 1.88 + 
2.90 x 10-4a, where (T is the shift in cm-'. These angles 
are measured outside the sample (in air) relative to the 
pump beam direction (see also Fig. 5). 
In these spectra the non-resonant background from 
acetone is suppressed by phase mismatching. The 
phase-mismatched spectra in Fig. 8 were recorded with 
a reduced collection iris diaphragm (0.8 mm at 200 mm 
from the sample, thus with a collection angle resolution 
of 0.22") in the signal path. From the Lorentzian line 
shapes, band position assignments can be made more 
easily compared with the phase-matched spectra given 
in Fig. 6. 
and 
Dispersion of the CARS intensity 
In Fig. 9, phase-mismatched I x\3111 1' spectra of 1.1 
mmol I - '  Pheo b in acetone solution are shown excited 
at different pump wavelengths in the 630-645 nm 
range. These spectra clearly indicate the dependence of 
the changes in band intensities on the excitation wave- 
length. 
DISCUSSION 
The clear difference between the phase-matched reson- 
ance CARS and PCARS spectra in Figs 6 and 7 shows 
the influence of the non-resonant background and 
polarization character of the many interfering Raman 
bands present in this spectral region. The more 
Lorentzian-like band shapes and improvement of reson- 
ant to (non-resonant) background ratio in the PCARS 
spectra of Fig. 7 is advantageous only for bands with 
depolarization ratios pR different from pNR = 0.317. The 
central part of the spectrum has almost vanished 
because the bands have pR values which are close to 
pNR. Comparing the phase-mismatched PCARS spectra 
of Fig. 8 with Figs 6 and 7, it is seen that the spectrum 
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Figure 8. Phase-mismatched resonance PCARS spectra of 1.1 
mmol 1-l Pheo b in acetone solution in the 1100-1650 cm-' 
range, excited at pump wavelength A, = 645 nm: (a) 1 ,Y',~,'~, 1'; (b) 
1 2 .  Points represent measured data and the solid lines are 
fitted results. 
more resembles that of Fig. 6, but with improved reson- 
ant to background ratio, due to the phase mismatching. 
The fi3iy1 and x(:2);, spectra in Fig. 8 clearly show their 
different polarization character. Around 1575 cm- ' a 
special feature is seen: the x'i3,'y1 component shows a 
weak shoulder, whereas the x\32;1 component is large, 
which means that this band is anomalously polarized. 
Although the non-resonant background from the 
solvent acetone is suppressed, the spectrum still con- 
tains interference between the resonant vibrations. The 
measured intensity in this case can be written as 
I l k &  ' 1200 ' lsb0 ' l5bO - 1600 
WAVEN CJ M B ER /c m -' 
Figure 9. Phase-mismatched resonance PCARS spectra of 1.1 
mmol 1-l Pheo b in acetone solution in the 1100-1650 cm-' 
range, excited at different pump wavelengths: (a) A, = 645 nm; 
(b) A, = 640 nm; (c) A, = 635 nm; (d) A, = 630 nm. The spectra 
correspond to the 1 ,Y\~?,, 1' component and are drawn to the same 
vertical scale. Zero levels are indicated by the horizontal lines on 
the ordinate. 
The first term gives Lorentzian Raman lines corre- 
sponding to a squared Raman spectrum and the second 
term contains cross-terms between the Raman bands. 
In principle, the combined PMM-CARS and PCARS 
techniques yielding x\32;1 and x\'Jtl components 
without an interfering non-resonant background could 
give a direct estimation of their (depolarization) ratios. 
However, in this case, the spectral range contains more 
than 30 bands and interference as shown in Eqn (21) 
makes this hardly possible. 
Fitting programs are essential to estimate all band 
parameters. From the simultaneous fit on the two 
PMM-PCARS spectra, frequencies, band widths, ampli- 
tudes and depolarization ratios were obtained, which 
are listed in Table 1. A total of 31 bands (28 of Pheo b 
and 3 of acetone) were found. The phases of the solvent 
(acetone) bands were set to zero; the Pheo b vibrational 
phases were determined relative to the solvent phases. 
Although the non-resonant background is absent, 
vibrational phase differences still manifest themselves 
through band-to-band interference [see also Eqn (21)]. 
The band assignments given in Table 1 were taken 
from Ref. 29. Most frequencies found for Pheo b are in 
good agreement with Raman and CARS data for Pheo 
b and Chl b. Table 2 presents such a comparison. Dis- 
crepancies are found for the 1335, 1411, 1475, 1521, 
1575 and 1601 cm-' bands with more than five wave- 
numbers difference or which do not appear in the 
second or third column of Table 2. Different excitation 
conditions and samples may explain these differences. 
Another explanation would be the possibility of excited 
state bands, since the fluorescence lifetime of Pheo b in 
acetone is a few  nanosecond^,^^ which is comparable to 
our pulse duration and may lead to build-up of excited 
singlet S ,  state population and triplet Tl population 
after intersystem crossing from the S ,  state. Some of 
these band frequencies (1335, 1475 and 1575 cm-') are 
close to triplet T, state band frequencies observed for 
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Table 1. Pheo b band parameters estimated from a simultaneous non-linear 
least-squares fit on the 1\3,):1 and xi3f2, (phase-mismatched) 
spectra of Fig. 8 
Q, 
(cm-') 
1110 
1132 
1145 
1151 
1182 
1205 
1220 
1224 
1236 
1268 
1301 
1314 
1335 
t 355 
1360 
1380 
1397 
1411 
1428 
1450 
1475 
1489 
1521 
1532 
1551 
1561 
1575 
1593 
1601 
1615 
1629 
r1 
cm-' 
3.0 
5.2 
20.2 
20.4 
8.0 
25.0 
6.4 
5.9 
6.0 
6.0 
11.4 
25.0 
8.5 
17.2 
7.5 
16.4 
7.0 
10.8 
40.0 
12.8 
12.0 
9.0 
7.2 
4.3 
15.1 
8.7 
10.0 
10.4 
24.2 
8.0 
8.0 
A t R  
0.03 
0.26 
0.37 
0.21 
0.1 3 
0.61 
0.1 1 
0.31 
0.21 
0.38 
0.56 
0.81 
0.74 
0.28 
0.73 
1.29 
0.1 7 
0.58 
0.22 
0.62 
0.61 
0.70 
0.47 
0.20 
0.63 
0.74 
0.09 
0.45 
0.26 
0.07 
0.20 
(a.u.) 
etR 
(") 
180 
-117 
60 
0 
24 
23 
0 
176 
-20 
9 
-1 6 
37 
26 
0 
-29 
-27 
-63 
0 
-10 
4 
9 
15 
0 
-5  
1 
-4 
-163 
0 
0 
0 
PI 
0.00 
0.43 
0.80 
0.70 
0.36 
0.57 
0.70 
0.00 
0.50 
0.30 
0.00 
0.37 
0.39 
0.78 
0.1 4 
0.31 
0.53 
0.70 
0.1 6 
0.42 
0.50 
0.55 
0.05 
0.23 
0.35 
2.1 0 
0.29 
0.30 
0.71 
0.58 
" C m c ~ ~ ( l v ) *  yCbH(IV) 
Ycb H(IV)* YCrn H(6) 
Acetone 
6CbH(IV), vC,N(IV), dC,H(a) 
6Cb H(IV), 6CH(V-10) 
vC, N(II), vC, N(IV) 
vC,N(II), vC,N(IV) 
dCH,(scissors) 
Acetone 
vC, N 
vC,N(IV), vC,N(I, I l l)  
dC, H (a, P )  
vc, Cb(Il), vc, C,(a, 6) 
Acetone 
yCH,(V) scissors, vC, C,(y, 6) 
example in bacteriochlorophyll.30 Intersystem crossing 
from the excited singlet S ,  state to the triplet T, state 
usually is high3' (> 50%) in these molecules; however, 
the conditions for the CARS process in the T, state are 
off-resonance since the nearest T, t Tl absorption prob- 
ably lies in the 420 nm range3'q3' and we therefore 
expect a low contribution from this state. 
From the estimated depolarization ratios in Table 1, 
it follows that the 1575 cm-' band is anomalously pol- 
arized (pR > l). This is surprising since most Raman 
data have revealed mainly polarized bands. The depo- 
larization ratios of the other bands are in reasonable 
agreement with the data avaiable from PCARS on Chl 
b,14 but the latter spectra were fitted manually and 
fewer bands were used in the same spectral range. 
Resonance Raman and CARS scattering symmetries 
are determined by the symmetry of the molecule. For 
metalloporphyrins, with the most pronounced elec- 
tronic transitions in the plane of the molecule, the D,, 
symmetry leads to in-plane Raman modes of A , ,  
(polarized), A,, (anomalously polarized) and B,, , Btg 
(depolarized) symmetry. The non-totally symmetric 
vibrations, for example of A,,  symmetry, gain their 
intensity by vibronic coupling with nearby electronic 
states. The symmetry of the Pheo b molecule is lost by 
the presence of the fifth pyrole ring, which lowers the 
D,, symmetry actually to C , .  However, in this case only 
totally symmetric (polarized) bands described by 
Albrecht's A term are expected. That this is not the case 
is clear from the fit and depolarization ratios, which 
vary from polarized, depolarized, and anomalously pol- 
arized. This also shows that non-Condon ( B  + C terms) 
scattering mechanisms are active in this excitation 
region. From these facts it follows that the Pheo b mol- 
ecule probably has an effective symmetry between C ,  
and D,, (such as C2"). From a comparison of resonance 
Raman spectra and normal-mode calculations of model 
Ni-metalloporphyrins with lowered symmetry D,, , C, 
and C,, Boldt et al.29 concluded that, under excitation 
in the Q, band, B2, (depolarized) modes are enhanced 
and that vibronic coupling from the Q and B or Soret 
states is present in these molecules. It is highly likely 
that the same applies to the Pheo b molecule. The pres- 
ence of the anomalously polarized 1575 cm-' band may 
be caused by vibronic coupling of the Q, band with the 
By (Herzeberg-Teller B term) or even with the Q, band 
(intra-Jahn-Teller) (but not from ground state-excited 
state coupling Jahn-Teller or C term). 
REPS of Ni-Pheo a excited in the Q, region measured 
by Mattioli et al.' indicate that vibronic coupling 
mechanisms are responsible for up to 40% [parameter 
C ,  = 0.4 in Eqn. (lo)], which explains the asymmetric 
enhancement of modes in the Qo-' region. The simu- 
lated REP calculations on Ni-Pheo a indeed showed 
symmetric enhancement of modes in the QoPo band for 
C, = 0 (no vibronic coupling) and asymmetric enhance- 
ment with maxima around the shifted vibrational fre- 
quency from the 0-0 frequency with C ,  ranging from 0 
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Table 2. Comparison of estimated Pheo b Raman shifts (in cm-’) with data from 
spontaneous Raman (Refs 5 and 6), and resonance CARS (Refs 11 and 14) 
and Raman shifts of Chl b’ 
PMM-CARSo 
(A, = 645 nm) 
1132 vw 
1145 m 
1182 wm 
1205 m 
1224 wm 
1268 wm 
1301 m 
1314 rns 
1335 m 
1360 s 
1380 s 
1397 m 
1411 ms 
1450 m 
1475 s 
1489 m 
1521 m 
1532 w 
1551 m 
1561 s 
1575 w 
1593 w 
Pheophytin b 
RSS 
( A ,  = 459 nm) 
1148 s 
11 70 vwsh 
11 80 vwsh 
1205 sh 
1222 m 
1270 w 
1308 w 
1348 s 
1358 vwsh 
1375 sh 
1397 w 
1435 vwsh 
1443 w 
1485 vw 
1534 s 
1555 sh 
1587 wsh 
1615 vw 
RS5= 
(A,  = 459 nm) 
1127 wsh 
1150s 
1178 vw 
1205 sh 
1225 m 
1271 w 
1302 wsh 
1312 s 
1341 s 
1355 s 
1363 s(S) 
1380 sh 
1399 m 
1413 m 
1445 m 
1470 vw 
1490 m 
1532 wsh 
1551 s 
1565 s 
1592 w 
= Very strong; s =strong; m = medium; 
weak; wsh =weak shoulder. 
Fitted results. 
RS5 solid deposit at 30 K. 
CARS” 
( A ,  = 694.3 nm) 
1174 w 
1191 vs 
1214 rn 
1256 vs 
1276 wrn 
1299 w 
1310 wm 
1344 s 
1387 m 
1417 m 
1458 w 
1495 vs 
1528 w 
1563 
1579 m 
1606 vw 
Chlorophyll b 
RS6 
(A, =459 nm) 
1128 m 
1160 m 
1177 ms 
1190 rns 
1210 w 
1228 m 
1270 rn 
1295 rn 
1309 vwsh 
1332 sh 
1350 s 
1357 sh 
1380 sh 
1394 m 
1420 sh 
1437 s 
1465 vw 
1480 w 
1523 win 
1567 vs 
1610 vw 
PCARSl4 
(A, = 645 nm) 
1174 m 
1225 m 
1286 w 
1331 w 
1365 ms 
1390 w 
1457 s 
1494 mw 
1525 w 
1551 vw 
1590 vs 
1620 in 
ms = medium strong; w = weak; vw =very 
to -0.9. In these calculations the shift parameter S ,  
was set to 1, since we have no absolute values of REPS, 
and S ,  merely serves as a scaling parameter. 
For the CEP calculations the shift parameter S1 was 
obtained from a fit on the measured absorption spec- 
trum. The model is based on the optical theorem which 
relates the optical absorption cross-section to the scat- 
tering tensor :23 
where the latter involves Albrecht A and B terms 
(including vibronic coupling). Electronic transitions are 
modelled by the normal coordinate displaced harmonic 
oscillators similar to that in Eqn (10): 
uA(w) - w Im U(O) (22) 
d ~ ( 0 )  N 0 Im U(W) - K [ M k 2  I ( U  10) 1’ 
k .  U 
where K is a scaling parameter. 
With this simple model, the Pheo b absorption spec- 
trum could be fitted by using only a single vibrational 
progression per electronic transition to acount for the 
asymmetry and reproduce intermediate absorption fea- 
tures in Fig. 3. From this fit we obtained displacement 
values A of about 1, which were used in the CEP calcu- 
lations. 
In Fig. 10, the amplitude dispersion for several vibra- 
tions is given for a pump wavelength range of 630-645 
nm, obtained from a fit on the spectra given in Fig. 9. 
The results presented in Fig. 1qa) are in agreement with 
calculated CEPs by applying transform theory for 
totally symmetric modes and neglecting depolarization 
dispersion, presented in Fig. 11. In varying the coupling 
parameter C, up to t- 1, the CEPs do not change signifi- 
cantly in the measured range. Although only a short 
range was measured, the results in Fig. lqb), which 
shows opposite behaviour, cannot be simulated with 
CEPs of totally symmetric vibrations by varying the 
vibronic coupling parameter. This means that the bands 
shown in Fig. 1qb) must have either non-totally sym- 
metric character or significant depolarization disper- 
sion. The former coincides with estimated 
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Figure 10. Raman band amplitude dispersion as estimated from fits on Fig. 9: (a), (0 )  1236, (0) 1450, (+) 1561 and (0)  1593 cm-'; 
(b), (0) 1182, (0 )  1314, (0 )  1397, (+) 1521 and (s) 1575cm-' .  Thedashed lines represent theabsorption spectra in this interval. 
depolarization ratios for the 1521 (p" = 0.68) and 1575 
cm-' (p" = 2.25) bands; however, the other bands are 
polarized, indicating that they have symmetrical charac- 
ter, which may indicate that depolarization dispersion 
may be neglected. 
The mathematical procedure to calculate CEPs for 
non-totally symmetric modes (including the anti- 
symmetric tensor 7,') using transform theory is not yet 
available. Extension of the CEP model in this direction 
is necessary to understand fully the results obtained. 
Such an extension is not straightforward since for non- 
totally symmetric modes off-diagonal polarizability 
components axy, aYx, etc., are involved, as can be seen 
from Eqns (1 2)-( 16), which have no direct relationship 
WAVELENGTH/ nm 
Figure 11. Calculated CARS excitation profile (CEP) for the 
totally symmetric mode at 1593 cm-l, with S, = 0.5 and varying 
vibronic coupling parameter C, = 0 to -0.9. The dashed line rep- 
resents the absorption spectrum of Pheo b. The vertical lines indi- 
cate the measured spectral region. 
to the absorption spectrum. An alternative approach 
could be to use linear or circular dichroism spectra for 
this purpose, although this complicates the technique 
further. Probable one must use the full expressions in 
Eqns (17) and (1Q which again requires the sum-over- 
states approach. In addition, measurements of both 
amplitude and depolarization ratio dispersion over a 
wide spectral range are necessary to check theory. 
CONCLUSION 
We have demonstrated the unique possibilities of the 
combined phase-mismatched and polarization CARS 
technique on the highly fluorescing molecule Pheo b 
under resonance excitation conditions in the Q, band to 
measure the xi3):, and component spectra 
without background interference. From fits of these 
spectra we obtained a set of band parameters including 
depolarization ratios. The frequencies correspond well 
with data obtained by others, although some differences 
exist which may be caused by the use of different 
samples or excitation conditions, or attributed to the 
special resonance conditions of the more complex 
CARS process compared with the Raman process. Esti- 
mated depolarization ratios indicate that polarized and 
depolarized bands and one anomalously polarized band 
are present in the measured range. On the basis of C ,  
symmetry of the Pheo b molecule one would expect pol- 
arized bands only, indicating that either the effective 
symmetry is not fully lost or that vibronic coupling 
mechanisms in the molecule enhance non-totally sym- 
metric modes in this excitation region. The amplitude 
dispersion measurements can only partly be understood 
from CEP calculations of totally symmetric modes. The 
different dispersion behaviour of some bands point to 
their non-totally symmetric character, although some of 
these bands are polarized. These effects may be inter- 
preted further if CARS excitation profile model calcu- 
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Iations through transform methods are extended to persion of pheophytin molecules in the lowest electronic 
include non-totally symmetric modes. bands and theoretical extension of the CEP model are 
We think that the CARS measurements of the type the subject of further research. 
shown can provide helpful additional information, in 
particular on the highly fluorescing chlorophyll and Acknowledgements 
pheophytin molecules excited in the lowest electronic 
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APPENDIX A. POLARIZATION CARS THEORY 
The component i of the PCARS polarization vector is 
given by 
Pj3) = ei . x $ ~ ~ ~ ~ , ~ , * E ~ E , E , *  
where i,j,  k, 1 = x, y or 1, 2 (AI) 
In Eqn. (AI) summation over repeated indices is 
assumed. The asterisks indicates that the photon is 
emitted. For an isotropic medium only three com- 
ponents x$!~ are independent, and the relationship 
between them is expressed by 
x'i3:ll = ~(13122 + x(::~,  + x ' i3L  (A21 
In single degenerate PCARS we have only two indepen- 
dent input polarization vectors, e, = ep and e, = e,, 
and therefore xi3?,, and ~',"2' , are indistinguishable. The 
projection of the CARS polarization vector on the 
analyzer unit vector is 
eA* . P ( ~ )  = eA* . [(xi3],, + ~'131~~)e,(e, . e2*) 
+ xi3A21e2*(e1 . e1)IE12E2* (A31 
Defining the depolarization ratio by 
P = xi32)21/x(131'11 (A4) 
Eqn (A3) can be rewritten using Eqns (A2) and (A4): 
eA* . F3) = ~ \ ~ ] , ~ [ ( 1  - p)(e,* . e,)(e, . e2*) 
+ p(e,* . e,*)]E, *E,* (AS) 
It follows for the total contribution of non-resonant and 
resonant susceptibilities to the CARS intensity I ,  
I ,  - l(e,* . [ x ( ~ ) ~ ~  + 
exp(iefR) - X ( 3 ) R ,  1 
1111 - -i + Al 
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f N R  = (1 - pNR)(eA* . el)(el * e2*) + pNR(eA* . e2*) 
('49) 
(A10) 
f t R  = - PrR)(eA* ' el)(el . e2*) f ptR(eA* . e2*) 
NR = (3)NR (3)NR 
P X1221/Xllll 
PI - x 1 2 2 1 / 1 1 1 1 1  
= non-resonant depolarization ratio (A1 1) 
R - (3)R. I (3)R. f 
= vibration resonant depolarization ratio (A1 2) 
a) and c the velocity of light in vacuum, and the cross- 
ing angle of the pump and Stokes beam in the sample. 
Assuming linear polarization vectors and defining the 
axes as depicted in Fig. 1, the polarization factors f" 
andf tR can be calculated as a function on the angles cp 
(between e, and e2) and II/ (between e, and eA): 
(A14) 
(A15) 
f N R  = (1 - pNR)cos cp  COS(^^ + $) + pNR COS $ 
f," = (1 - P[~)COS ~p COS(V + $) + pIR COS II/ 
Defining the angle between the polarization e,  and 
PNR* by eNR, ', we can write 
Y (A161 tan eNR,  R = p N R .  R/p ,NR.  R >. It follows from Eqns (A3)-(A5) that sinh(AaL/2) + sin(APL/2) ( A c ~ L / ~ ) ~  + (A/JL/2)2 M(Ak, L) = e-(Au+ua)L 
ONR- = arctan(pNR* tan cp) (A 17) = phase match factor (A 13) 
where Aa = (2ap + a, - uJ2 with aj = 2kj" the expo- 
nential absorption coefficient and Full suppression of the non-resonant polarization is achieved at angles $o where f = 0 holds: 
(A 18) 
AD = n,(w,)o.J~ - I 2k,' - k,' I Go = arctan(3/tan cp) 
= n,(o,)oJc - (4k: 
where Kleinmann symmetry is assumed: 
3 ) N R  - (3)NR - (3)NR + kb2 - 4 COS t/kp'k,')"2 Xi3133 = 1' 1 1 2 2  - 1 1 2 1 2  - 1 1 2 2 1 .  
with Dj = kj' = n,(oj)/c the real part of the wave vector, 
n,(oj) the refractive index at frequency oj 0' = p, s and thus pNR = 1/3. 
APPENDIX B. PHASE-MISMATCHING CARS THEORY 
The total CARS signal field ECARs generated in the 
glass-sample-glass layer configuration can be written 
as16 
031) 
where a, is the absorption coefficient at the CARS fre- 
quency in the sample layer and E ,  and E, are the signal 
fields arising from the glass windows (length LG) and 
sample layer (length Ls), respectively, which are given 
EC-Rs - e-1i2ucLs(EG + E )  
by 
E ,  = ec* ' xG LG 
x ~inc(4~)[exp(i2(4, + 4,) - AaL,) + 11 
x epepe,* 
E,  = e,* . X, L, 
x epepes* (B3) 
with 
e, , ep, e, = unit polarization vectors of CARS signal, 
XG = &!'& = non-resonant susceptibility of the 
X S  = ~ s '  +(ffZ'' = x & ~ Z L  + xSAM'PLE 
Aa = (2ap + a, - ac)/2 = absorption factor; 
ADG = (2kp - k, - kc)G = wave vector phase mis- 
ADS = (2kp - k, - kJS = wave vector phase- 
4 G  = ADG LG/2 phase-mismatch factor in the 
pump and Stokes beams; 
glass window; 
+ iXSAMbLE = non-resonant and resonant 
susceptibility of the sample layer; 
( 3 ) R  
match in the glass layers; 
mismatch in the sample layer; 
glass layers; 
4, = AD, Ls/2 phase-mismatch factor in the 
Assuming that the polarization orientation of the 
non-resonant contributions of glass and sample layers 
are the same (transparent media which obey Kleinman 
symmetry), the non-resonant susceptibility of the 
sample layer zSNR can be written as 
ec* . XsNRePepe,* = F e , *  . XgRepepe,* (B4) 
where F = F + iF" is a complex factor with F and F 
real constants over the frequency range of interest. Con- 
cerning only the non-resonant part, it follows for the 
total non-resonant intensity IF:Rs - I 
(B5) 
where the intensities from the glass I,, sample I ,  and 
interference term I,,, are given by 
I ,  = XG2LG2 SinC2(&,)(COSh(6) + cos[2(4G + &)I} (B6) 
sample layer. 
l 2  that 
U, + 1, + I,,,) - 1 / 2 ( A u + 4 L s  I F i R S  
xG2LGL, sinc(4G) 
d2 + 44s2 
x [ X  cos(4,)sinh(d) 
- Y sin(4,)cosh(b) + Y sin(+, + 2&)] 
I M I X  = 
(B8) 
with 6 = al.,, X = - F'6 + F24,  and Y = F24, 
+ F 6 .  
In Eqn (B7) we recognize, apart from the facto 
exp[ -(Aa + ac)Ls], the usual single-layer intensity 
expression in case of an absorbing sample. 
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In the absence of absorption (i.e. a,, p, = 0, F” = 0), 
Eqn. (B5) reduces to 
~ f i ~ ~ ( 8  = 0) - x G 2 ~ , ’  sinc2(&) 
and the non-resonant background intensity is cancelled 
if 
This condition can be fulfilled by proper selection of the 
lengths L, and Ls and phase-mismatch factors & and 
4%. 
In case of absorption but under the condition 2ctp 
+ a, = a, (Act = 0), the imaginary part F” still remains, 
which cannot be compensated for by phase mis- 
matching. Since the phase mismatch Afl in the phase- 
mismatch factors q5 depends on the crossing angle q 
between the pump and Stokes beams, non-resonant 
background-free spectra can be obtained experimentally 
by varying the crossing angles at each wavenumber shift 
in the spectrum such that Eqn (B10) is fulfilled. In prac- 
tice these angles are found from systematic minimum 
intensity searches by crossing angle-signal collection 
angle scans at various positions in the spectrum. 
